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We show that the electrical properties of nitrogen-doped nominally undoped polycrystalline
chemical vapor deposited diamond films are modified by post-deposition heating in an oxidizing
atmosphere. We found that the first heating cycle in air in the temperature range of 300–673 K
decreased the graphitization content still present in the diamond surface and that after the second
heating cycle the electrical resistance versus temperature curves became stabilized. Using a flow of
argon with residues of oxygen over the surface of the sample during the heating cycles, the
stabilization of the resistance-temperature dependence also occurred but only after the fourth
heating cycle. The results suggest the existence of an oxidation mechanism of the nondiamond
carbon atoms present at the diamond surface. After stabilization, the deep donor ionization energy
was found to beEd51.6260.02 eV. All results brought together strongly suggest that this level is















































maDiamond films synthesized by chemical vapor depo
tion ~CVD! are an emerging material for electronic devic
due to their potentially advantageous characteristics over
ditional electronic materials. Diamond single crystals offe
unique set of properties such as high thermal conductiv
high electron and hole mobilities, high radiation resistan
high chemical stability and wide electronic band gaps.1–3
However, diamond CVD films are of a polycrystalline natu
and the study of their electronic properties in detail is c
rently of prime interest today.
Nitrogen is known to have a strong influence on m
physical properties of diamond.4–8 In particular, nitrogen in-
corporation either in small aggregates~type Ia-high % of N!
or diluted in substitutional sites of the diamond lattice~type
Ib-low % of N! has a direct effect on the growth habit and
the electrical resistivity of diamond.6,8–12 Nitrogen may in-
troduce a deep donor level below the conduction band~n-
type dopant! and may be present in nominally undoped d
mond films—that is, undoped films reported in the literatu
may be in general nonintentionally doped with nitrogen.9,12
Nitrogen incorporation also results in significant stress du
the distortion of the diamond lattice.4,6
In this letter, experimental results of the annealing infl
ence on the resistivity-temperature dependence are rep
for nonintentionally nitrogen-doped diamond films grow
by CVD. The results provide clear evidence that nitrog
sites are stabilized in substitutional positions. The deep
nor ionization energy for nitrogen in diamond was measur
The diamond films were prepared using a hot-filam
CVD system described elsewhere.13 Deposition was carried
out by passing a vapor mixture of ethylalcohol (C2H5OH)
diluted in hydrogen gas~99.5 vol %! of 20 Torr pressure and
a total flux of 100 sccm. The CVD deposition temperatu
which was measured by a thermocouple positioned on
a!Author to whom correspondence should be addressed. Electronic
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reverse side of the substrate, was 1250 K. Substrates
made of silicon~111!, n type, with a resistivity above 1
V cm. The set of samples was made with differences in
growth time between 7 and 16 h. At termination of th
growth run the samples were cleaned by hydrogen14 acti-
vated by the hot filament (;1373 K, 15 min! and in addi-
tion, after cooling, were cleaned with de-ionized~DI! water
and acetone/methanol mixture in an ultrasonic bath. The s
strate was removed chemically and resistance values w
measured as a function of temperature by using a ther
oven with controlled slow heating and cooling rates
13.125 and 21.56 K/min, respectively. The electrica
probes were positioned on the same surface~growth surface!
and separated by 2 mm distance. In order to account for
influences of the surface–gas phase reactions the experie
were done either in ambient air or in an open flow of arg
~99.6 vol %! gas.
Figure 1 shows the dependence with time of the typi
grain size at the reaction surface measured by scanning
tron microscopy~SEM! and the thickness of the sample
determined from SEM cross-sectional images, respectiv
All other growth conditions were held constant. The resu
verify a linear growth rate of 1.43mm/h but indicate that the
dependence with time of typical grain size at the react
surface is not linear. Figures 2~a! and 2~b! show the SEM
cross-sectional images of the samples deposited with gro
time of 7 h ~a! and 16 h~b!, respectively. We may observ
that the films have a polycrystalline columnar nature, w
grain size increasing in thez direction. Growth habit is~111!,
which is characteristic of a very low nitrogen impurity co
centration~type Ib diamond!. Nitrogen contamination was
confirmed by x-ray peak intensity spectrum computed fr
the electron-probe-microanalysis~EPMA!. The nitrogen con-
centration was found to be close to the detection limit
EPMA. Typical Raman spectra for both as-deposited a
annealed samples showed the sharp peak at 1330 cm21 or-
responding to the line characteristic of C–Csp3 bondings
il:© 1998 American Institute of Physics
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d, and a complete absence of peaks in the region aro
1580 cm21 corresponding to the C–Csp2 bondings. These
results confirm that the samples are of high quality diamo
and that the heating procedures used do not graphitize
interior structure of the samples.
At room temperature the two-contact probe resistanc
the as-deposited and cleaned samples is typically very h
in the range of 50–95 kV. The four-point probe method in
dicated that the resistivity was.10V cm. The room tem-
perature resistance increased dramatically by several or
after heating. Typical results obtained for the resistance
pendence on temperature are plotted in Fig. 3 for the t
perature range of 500–673 K, for four heating cycles in
ther air or in an open flow of argon gas, as indicated. E
FIG. 1. ~a! Dependence of the typical grain size at the reaction surface
~b! dependence of thickness of the sample with time, respectively.
FIG. 2. ~a! SEM cross-sectional images of samples with growth time of~a!
7 h and~b! 16 h, respectively.











cycle was of 2 h total time. One may observe that after th
cooling back from the first heating cycle in air the resistan
measurement at room temperature becomes almost im
sible to calculate by this technique. In the subsequent hea
cycles in air there is no such hysteresis and the time dep
dence of the resistance curves becomes very repetitive. In
case of the heating in an open flow of argon gas, it is
served that the dependence of the resistance with the
perature also increases, but slowly. The resistan
temperature curve becomes stable only after the fou
heating cycle.
Auger measurements of the surface of the samples w
made in a PHI model 545 ultrahigh vacuum~UHV! system
with the electron gun operated at 1mA and 5 keV.15 Figure
4 shows the typical Auger carbon~KLL ! peak shape change
of the sample after one heating cycle in air, as indicated.
reference, the inset show the standard carbon KLL Au
spectra for the diamond and graphite.16 One can see tha
some graphitization already exists in the surface of
sample before the heating cycle, and the increase in the
mond contribution after the heating cycle is quite evide
The Auger spectra survey also confirmed the contamina
d
FIG. 3. Typical two-contact probe resistance dependence with tempera
Four heating cycles are shown for a sample heated up in the air and
sample heated up under the flow of argon~99.6 vol %!, as indicated.
FIG. 4. The measured curves for the carbon KLL Auger peak for the sam
before and after one cycle of heating in air, as indicated by~b! and ~a!,
respectively.
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heating cycle.
Although it is reported in the literature14 that cleaning
with activated hydrogen inside the reactor is very effect
for removal of nondiamond carbon, the Auger spec
showed that nondiamond carbon may still be present at
sample’s surface. During the heating cycles this nondiam
carbon layer is probably completely etched by the exposi
to reactive oxygen ions.17,18This can be seen easily from ou
experimental results because when an oxygen rich at
sphere was used~ambient air! the stabilization of the
resistivity-temperature curves was much faster than whe
poor oxygen atmosphere~Ar 99.6 vol %! was used. The ini-
tial nondiamond carbon on the sample’s surface may allo
path for high surface current density and therefore may
the reason for the sample’s comparatively low initial res
tance. Subsequent heating cycles in an oxidizing amb
promote the etching of this nondiamond layer and then
bulk current contribution becomes predominant in t
resistivity-temperature curves. A stabilization in this proce
occurs when apparently all current passes through the bu
the sample. This stabilization was observed in all samp
and was very important to identify since our interest was
determination of the activation energy of nitrogen as a d
ant in the bulk diamond structure, without the artifacts int
duced by the surface currents.
In the mid-temperature range~500–673 K! the predomi-
nance of extrinsic electrons carriers generated by the n
gen doping over the intrinsic thermal generated carrier
expected. Electron density may be evaluated using the
lowing equation:n>1/&(NDNC)1/2e2Ed/2kT, wherek is the
Boltzmann constant,Ed is the electron activation energy,ND
is the donor impurities concentration andNC the effective
density of states, respectively. Therefore the resistivity
be expressed by the equation:r>(1/mq)A(2/NDNC)eEd/2kT
where m and q are the electron mobility and unit charg
FIG. 5. Logarithm of resistance vs reciprocal temperature for sample
different thickness after the stabilization of the resistivity-temperature
pendence. The samples were heated up in the air or under the flow of a
~99.6 vol %!, as indicated.
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respectively. Thus, using the above equation the values oEd
can be extracted from the experimental data of resistiv
versus temperature.
Figure 5 shows the plot of the logarithm of resistan
versus the reciprocal temperature for samples of differ
thickness. We can observe that after the stabilization, the
almost no difference among the samples heated in air o
contaminated argon The best fit to these curves is given
Ed51.6260.02 eV. Since only a small difference betwe
the samples has been obtained in this measurement, we
conclude that thisEd value is almost independent of th
thickness of the sample~and its related grain size!, which is
a result consistent with an electrical donor effect occurring
the bulk of the diamond film. ThisEd value also agrees with
the range of ionization energy of 1.3–1.9 eV reported in
literature for substitutional nitrogen in diamond. Howeve
the wide range of results reported in the literature is for d
ferent diamond samples like natural diamond~1.7 eV!,3 dia-
mond with nitrogen concentrated in small aggregates or t
Ia ~1.3 eV!8 and for theoreticalab-initio calculations~1.9
eV!.11 Our data are given for heated stabilized samples
type Ib diamond with a passivated surface.
We have shown that heating at mid temperature rang
an oxidizing environment is effective to clean the CVD di
mond surface and stabilize its electrical properties. Meas
ment of the ionization energy was not dependent on
thickness and grain size of the samples. All results combi
strongly suggest that the ionization energy measuremen
Ed51.6260.02 eV corresponds to deep donor energy giv
by single nitrogen atoms that occupy substitutional latt
sites in diamond.
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